The conception of memristor lead to a new approach in nonlinear circuit design. In this paper, the compound synchronization of the fourth-order memristor oscillator is studied. The proposed scheme of compound synchronization is described by three drive systems (a scaling drive system, two base drive systems) and one response system. The version of synchronization is advantageous in circuit application due to the novel structure. As a generalization of the obtained results, secure communication via compound synchronization is discussed in detail.
Introduction
Recently, lots of nonlinear memristor oscillators based on Chua's circuits have been proposed [-]. The feature of pinched hysteresis in memristor oscillators has directed a lot of attention to this exciting field. In these circuit implementations, the conventional Based on the works in [] and [] , in this paper, consider a fourth-order memristor oscillator with its dynamics described by the following equations:
where v  (t) and v  (t) denote voltages, C  and C  represent capacitors, W (ϕ(t)) is memductance function, ϕ(t), (t), R, and L are magnetic flux, current, resistor, and inductor, respectively.
Preliminaries
It is useful to first introduce the scheme of compound synchronization that is needed later.
Generally, compound synchronization is based on a scaling drive system, multiple base drive systems and one response system. In some engineering applications and hardware implementations, compound synchronization constituting of a scaling drive system, two base drive systems and one response system is usually considered. Figure  its particular physical meaning. For example, in Figure  , the scaling drive system scales the synthetic signals of two base drive systems, generating resultant signals, then the response system tracks the resultant signals.
Next, we give specific mathematical descriptions of compound synchronization scheme. Consider the scaling drive systeṁ
The two base drive systems are given bẏ
and one response system is described bẏ
where we have the state vectors
n is the appropriate control input that will be designed in order to obtain a certain control objective.
Definition  The drive systems ()-() are said to compound synchronize with the response system () if there exist n-dimensional constant diagonal matrices A  , A  , A  , and A  =  such that
where · is the vector norm, and e = (e  , e  , . . . , e n ) T is the synchronization error vector;
. . , χ n ). http://www.advancesindifferenceequations.com/content/2014/1/100
Remark  As stated earlier, according to Definition , the physical implication of compound synchronization is rather intuitive. The synthetic signals of two base drive systems () and () are scaled via the scaling drive system (), then the response system () tracks the resultant signals of drive systems ()-().
Remark  In Definition , matrices A  , A  , A  , and A  are often called the scaling matrices. It is not hard to find that compound synchronization contains the multiplication of the scaling drive system and multiple base drive systems. Moreover, the drive systems in the scheme of compound synchronization can be completely identical or different.
Remark  The scheme of the compound synchronization is an improvement and extension of the existing synchronization schemes in the literature. When the scaling matrices A  = , A  =  or A  = , the compound synchronization will degrade into a kind of function projective synchronization. When the scaling matrices A  =  or A  = A  = , the compound synchronization will change into chaos control. In addition, if the scaling drive system () is removed, then the compound synchronization will be reduced to combination synchronization. If the base drive systems () and () are removed, then the compound synchronization will be reduced to complete synchronization.
Theoretical results
In this section, we are in the position to investigate our main theoretical results. From () and (), it follows that
By merging similar items,
In order to facilitate discussion, we would need to make a rewrite for (). Let x  (t) = ϕ(t),
Remark  System () is a vectorization system. To facilitate the discussion, by abandoning dimension, in the subsequent discussion, we will study the rewritten system (). Meanwhile, since C  and C  represent capacitors, R denotes resistor, L denotes inductor, the http://www.advancesindifferenceequations.com/content/2014/1/100 
Remark  Sun et al.
[] have discussed the compound design of memristor chaotic oscillator system and obtained some interesting results. In [] , the memristor oscillator model is based on the circuit model in [] . Thus, the scaling drive system is as follows:
By comparing the scaling drive system in [] with the scaling drive system () in this paper, it is easy to find that the scale factors on the third equation of the scaling drive system in [] are not imported. Conversely, in this paper, the introduced memristor oscillator system is based on the circuit model in [], the scale factors are fully considered. What is more, the circuit of () has more superior structure performances than the memristor chaotic oscillator system in [] . And then the scaling drive system () in this paper has more a comprehensive and practical meaning. In fact, these scale factors play a significant role in the design and implementation of the control scheme. http://www.advancesindifferenceequations.com/content/2014/1/100 Considering () as the scaling drive system, according to compound synchronization scheme, obviously, we can choose the first base drive system described by
the second base drive system is given by
and the response system is described by
and η  are parameters, and u  , u  , u  , and u  are the control inputs to be designed.
In our synchronization scheme, denote
()
Obviously, we have
Combining with ()-(), the synchronization error system () can be transformed into the following form:
()
Theorem  The drive systems ()-() compound synchronize with the response system () if the control input is designed as
Proof For simplicity, we rewrite system () as follows:
Consider the following Lyapunov function:
Calculating the upper right Dini derivative of V along the trajectory of (), we have
On the basis of (), by direct computing, we have
() http://www.advancesindifferenceequations.com/content/2014/1/100
Together with () and (),
where e = (e  , e  , e  , e  ) T .
Let t >  be arbitrarily given; integrating the above equation () from  to t, we have
where · is the Euclidean vector norm. Applying Barbalat's lemma, we have e(t)  →  as t → +∞. Hence, (e  , e  , e  , e  ) →
(, , , ) as t → +∞. It implies that the drive systems ()-() compound synchronize with the response system ().
Remark  In Theorem , since we have the unique structural design in compound synchronization, hence the control input used in Theorem  is a little more complicated. Just as in [] , the nonlinearity of the designed control law in the compound synchronization scheme is high. How to design some less conservative criteria for compound synchronization scheme? This issue will be the topic of future research.
Next, some corollaries follow easily from Theorem . These corollaries provide simpler criteria for selecting the applicable control laws with easy implementation.
Corollary  The drive systems () and () function projective synchronize with the response system () if the control input is designed as
⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ u  =  a  [a  x  (a  x  + a  x  ) + a  a  x  x  + α  a  a  x  x  -η  a  a  x  x  -(a  + α  a  )x  + η  a  x  ], u  =  a  ( -α  [a  a  x  x  -a  x  ] + [a  a  x  x  -a  x  ] -α  a  x  ), u  =  a  ( -α  [a  a  x  x  -a  x  ] + [a  a  x  x  -a  x  ] + α  [a  a  x  x  -a  x  ]), u  =  a  [η  a  a  x  x  -α  a  a  x  x  + α  a  a  x  x  + a  x  (β  a  x  + a  x  ) -η  a  x  -α  a  x  -η  a  x  -a  x  ], where = a  a  x  α  x  -α  x  -α  x   x  + a  a  x  β  x  -β  x  -β  x   x  -a  η  x  + a  η  x  + a  η  x   x  , = a  a  x  (α  x  -α  x  -α  x  ) + a  a  x  (β  x  -β  x  -β  x  ) -a  η  x  + a  η  x  + a  η  x  . http://www.advancesindifferenceequations.com/content/2014/1/100
Corollary  The drive systems () and () function projective synchronize with the response system () if the control input is designed as
⎧ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎩ u  =  a  [a  x  (a  x  + a  x  ) + a  a  x  x  + α  a  a  x  x  -η  a  a  x  x  -(a  + α  a  )x  + η  a  x  ], u  =  a  ( -α  [a  a  x  x  -a  x  ] + [a  a  x  x  -a  x  ] + α  [a  a  x  x  -a  x  ]), u  =  a  ( -α  [a  a  x  x  -a  x  ] + [a  a  x  x  -a  x  ] + α  [a  a  x  x  -a  x  ]), u  =  a  [η  a  a  x  x  -α  a  a  x  x  + α  a  a  x  x  + a  x  (γ  a  x  + a  x  ) -η  a  x  -α  a  x  -η  a  x  -a  x  ], where = a  a  x  α  x  -α  x  -α  x   x  + a  a  x  γ  x  -γ  x  -γ  x   x  -a  η  x  + a  η  x  + a  η  x   x  , = a  a  x  (α  x  -α  x  -α  x  ) + a  a  x  (γ  x  -γ  x  -γ  x  ) -a  η  x  + a  η  x  + a  η  x  .
Corollary  System () is asymptotically stabilizable if the control input is designed as
Remark  It is well known that one common problem on the compound of multiple drive systems is that the compound signal often is asymptotically stable or emanative. As a result, the dynamic behaviors would definitely do harm for the engineering designers, since dynamic evolution evoked by the compound of multiple drive systems is either too easy or completely useless. However, it is worth noting that the compound of multiple drive systems in this paper can be still chaotic; accordingly, the dynamic evolution has the ability of being pseudorandom and sensitive to the initial value, and it has unpredictability of path. This can be well applied to secure communication.
Remark  As is well known, the memristive oscillator system is still quite incipient and to the best of our knowledge there is not a lot of results for exploring the synchronization control. The proposed control scheme in this paper can offer some valuable guidance to the research and application of memristor devices. Now, we give a numerical example to illustrate the superiority of theoretical results via computer simulations. Assume
, then the http://www.advancesindifferenceequations.com/content/2014/1/100 control input in the scheme of compound synchronization can be designed as 
Remark  Here we express an added illustration on the parameters selection 
The application in secure communication
As an application of the results obtained in the preceding section, secure communication via compound synchronization is discussed in this section. Let ζ (t) = r  (t)[r  (t) + r  (t)] be the message signal to be received. Corresponding to this message signal, adding it to the right of the first equation for the transmitter (three drive systems), we have 
Select the output x  of system (), the output x  of system (), the output x  of system () as the transmitted signals. In our designed scheme, denote A  = diag(a  , a  , a  ,
then construct the receiver as follows:
where r  is the message signal to be recovered, k is a parameter. http://www.advancesindifferenceequations.com/content/2014/1/100 Figure 5 Time response curve for synchronization error e(t) = (e 1 (t), e 2 (t), e 3 (t), e 4 (t)) T .
Let the tracking error be
then the error dynamics is
Since the eigenfrequency of the message signal ζ (t) = r  (t)[r  (t) + r  (t)] is much smaller than the oscillating frequency of the chaotic system in practice, then dr  (r  +r  ) dt -ke  ≈ -ke  . then the proof of Theorem  is very similar to the proof of Theorem  and thus is omitted here for brevity.
Theorem  If control input is designed as Theorem
Remark  In the preceding discussion, we only touch upon the secure communication via compound synchronization from a theoretical analysis point. As for how to encode the message for secure communication via compound synchronization, one might conduct further research. Of course, this is another issue, which is on the level of engineering practice.
Remark  In the existing literature, the secure communication via compound synchronization has rarely been studied. By the above discussions in this paper, it is easy to see that in theory, compound synchronization can greatly improve the complexity level of the driving signal and the modulation scheme used. In [], secure communication via the compound design of the memristor chaotic oscillator system has been discussed. It is worth noting that the result of Theorem  in [] leaves room for improvement. In [], the message update law of the message signal to be recovered is described as the first and second derivatives of the states and the message signals to be received. The message update law in our criterion contains just the first derivative of the states and the message signals to be received. And consequently, the condition, which depends only on the first derivative of the states and the message signals to be received, is easy to check. Therefore, our method may be good in theory. In addition, the function V (e(t)) in Theorem  of Sun et al. [] is V (e(t)) = V (e  , e  , e  , e  , e  ) = 
Concluding remarks
In this paper, we have applied the compound of multiple drive systems to investigate the synchronization control of a class of fourth-order memristor oscillator. The proposed control scheme theoretically guarantees the good control performance. The main disadvantage of the obtained results lies in the highly nonlinear nature of the designed controller. Finally, we have suggested an approach for a potential application of memristor oscillators in secure communication. Therefore, the derived results may offer useful and broad-range applications in electronics. 
